ABSTRACT -To clarify the effect of systemic growth retardation on behavior, pregnant rats were fed a synthetic diet with either a normal (20% casein) or low (10% casein) protein concentration from gestational day 10 to postnatal day (PND) 21 at weaning. Offspring were examined for sensory and reflex functions, detailed clinical observations, manipulative test, grip strength, motor activity and water-filled multiple T-maze test. Lowering trend in the air righting reflex index during lactation period and a decrease in grip strength on PND 72 were observed in the low protein diet group showing suppression of systemic growth. However, they were simply the reflection of delayed systemic growth, because parameters on impaired reflex function, disturbance of motor function and paralysis were unaffected. On the other hand, low protein diet resulted in increased motor activity in female offspring. Thus, malnutrition due to maternal protein restriction may cause adolescent hyperactivity.
INTRODUCTION
Malnutrition at perinatal period is the major concern for various neurobehavioral disorders after adolescence. A number of experimental studies and epidemiological researches were conducted to investigate the relationship between perinatal malnutrition and neurobehavioral disorders. Lahti et al. (2006) reported that small body size at birth may increase the behavioral symptoms of attention deficit hyperactivity disorder (ADHD). Prenatal exposure to famine was reported to increase the risk of schizophrenia (St Clair et al., 2005; Susser et al., 2008) , affective disorder (Brown et al., 2000) , antisocial personality disorder (Neugebauer et al., 1999) and addiction (Franzek et al., 2008) . Experimental evidence should be accumulated to clarify the relationship between perinatal malnutrition and neurological dysfunction including behavioral abnormalities.
In order to establish an in vivo evaluation system for developmental neurotoxicity, we focused on neurogenesis and neuronal migration in the hippocampal dentate gyrus in rats exposed maternally to various xenobiotics. An increase in reelin-synthesizing γ-aminobutyric acid (GABA)-ergic interneurons with immature phenotype to sustain into the later adult stage was observed in the dentate hilus in the offspring of maternal rats exposed to anti-thyroid agents (Saegusa et al., 2010) . Considering the role of reelin in regulating migration and correct positioning of developing neurons (Rice and Curran, 2001) , this result suggested a compensatory mechanism for the impaired neurogenesis and mismigration caused by exposure to thyroid hormone-disrupting chemicals during neuronal development. However, developmental hypothyroidism also causes a suppression of systemic growth (Shibutani et al., 2009) . Systemic growth suppression causes delayed brain growth that may result in affection of neurogenesis. In our previous study, we have found no effects on the distribution of reelin-synthesizing GABAergic interneurons in the dentate hilus and postnatal neurogenesis in the subgranular zone (SGZ) in rats until adult stage by maternal protein restriction during the 2 nd half of gestation and lactation causing systemic growth retarAdolescent hyperactivity of offspring after maternal protein restriction during the second half of gestation and lactation periods in rats dation sustained through to the adult stage and retarded brain growth at weaning (Ohishi et al., 2010) . However, functional evidence was not obtained with regard to behavioral endpoints involving dentate gyrus function. The present study was conducted to clarify whether systemic growth retardation affects brain function by analysis of behavioral endpoints in offspring of maternal rats fed a synthetic low-protein diet from the mid-gestation to the end of the lactation period to cause growth restriction in the offspring utilizing an intrauterine growth restriction model (Haugaard and Bauer, 2001; Zambrano et al., 2005) .
MATERIALS AND METHODS

Animals, diets and experimental design
The animal experiment was identical to that previously reported (Ohishi et al., 2010) . In brief, pregnant Crl:CD ® (SD) rats were purchased from Charles River Japan Inc. (Kanagawa, Japan) at gestational day (GD) 1 (appearance of vaginal plugs was designated as GD 0). Animals were housed individually in mesh cages in an air-conditioned animal room (temperature: 23 ± 2°C; relative humidity: 45 ± 10%) with a 12-hr light/dark cycle and were allowed ad libitum access to food and tap water. Animals were housed individually with their litter in plastic cages with wood chip bedding from GD 17 to postnatal day (PND) 21.
Pregnant rats were fed a CRF-1 basal diet (Oriental Yeast Co. Ltd., Tokyo, Japan) from GD 1 to GD 10. Eight dams per group were then randomly divided into two groups and fed a synthetic diet with either a normal (20% casein) or a low (10% casein) protein concentration from GD 10 to PND 21 (where PND 0 is the day of delivery).
On PND 4, the litters were culled randomly, leaving 4 male and 4 female offspring per dam. On PND 21, 2 male and 2 female offspring per dam were subjected to prepubertal necropsy. The remaining 2 male and 2 female offspring were weaned on PND 21 and kept through PND 77. All offspring consumed the CRF-1 basal diet and tap water ad libitum from PND 21 onwards.
All procedures of this study were conducted in compliance with the "Guidelines for Proper Conduct of Animal Experiments" (Science Council of Japan, June 1, 2006) and according to the protocol approved by the Animal Care and Use Committee at BOZO Research Center Inc. All efforts were made to minimize animal suffering.
Sensory and reflex functional examinations
During the lactation period, sensory and reflex functional examination was conducted for 2 male and 2 female offspring in each litter.
Surface righting reflex was examined on PND 10 by measuring the time required to return to a normal position.
Air righting reflex was examined on PND15 and pupillary reflex, Preyer's reflex and pain reflex were examined on PND 21. The air righting reflex was assessed to examine the normal landing response of an animal to right itself from an inverted position in free fall of about 300 mm height. The pupillary reflex was assessed to examine the normal miotic response to the light. The Preyer's reflex was assessed to examine the normal pinna or startle response to the sound of the Galton's whistle. The pain reflex was assessed to examine the normal response such as avoiding and vocalization to the pinching stimuli of the tail.
Detailed clinical observations
Detailed clinical observations were conducted for all remaining animals (2 male and 2 female offspring in each litter) on PND 30, 44 and 72.
In home cage observations, animals were observed for posture, convulsion and abnormal behavior. During observation, animals were observed for ease of removal from cage, fur condition, skin, secretions of the eyes and nose, exophthalmos, palpebral closure, visible mucosal membranes, autonomic nervous functions (lacrimation, piloerection, pupil size, salivation, abnormal respiration), and vocalization and reactivity to handling.
Manipulative testing
Following the detailed clinical observations on PND 72, all animals were examined for auditory response, visual approach response, touch response, tail pinch response, pupillary reflex (light reflex) and air righting reflex and measured landing foot splay (hind foot).
The auditory response was assessed to examine the normal startle response to clackety-clack stimuli. The visual approach response was assessed to examine the normal response such as sniffing or avoiding to the pen approaching the nose. The touch response was assessed to examine the normal response such as avoiding or soft vocalization to the pen touching the abdomen. The tail pinch response was assessed to examine the normal response such as quick avoiding and vocalization. The pupillary reflex and air righting reflex were assessed as mentioned above.
Grip strength
Following the manipulative testing on PND 72, grip strengths of the forelimbs and hind limbs in all animals were measured using a CPU gauge MODEL-RX-5 (Aikoh Engineering Co., Ltd., Osaka, Japan).
Motor activity
Following the measurement of grip strength on PND 72, motor activity was measured using an experimental animal motor activity sensor NS-AS01 (NeuroScience Inc., Tokyo, Japan). The length of measurement was 1 hour. Values of 10-minute intervals and the 0-60 min value were recorded.
Water-filled multiple T-maze testing
Examination was conducted using Biel's water maze (Biel, 1940) from PND 55 to 58. Elapsed time to reach the goal and error count (number of times the whole body entered into the error area of T-maze course) were measured in three trials each day in the straight course on the 1 st day (PND 55) and in the water T-maze course on the 2 nd , 3 rd and 4 th days (PND 56, 57 and 58). In the waterfilled multiple T-maze test, the maximum elapsed time for each trial was set at 3 min and the trials where animals did not reach the goal within 3 min were excluded from statistical analysis.
Statistical analysis
Numerical data were analyzed using the litter as the experimental unit. The homogeneity of variance between the normal and low protein diet groups was analyzed by F-test. If the variance was homogenous, numerical data were assessed using Student's t-test to compare between the normal and low protein diet groups. If a significant difference in variance was observed, the Aspin-Welch's t-test was used instead.
Frequency data were analyzed using the individual animal as the experimental unit and compared statistically using Fisher's exact probability test.
RESULTS
Sensory and reflex functional examinations
There were no statistically significant differences between the normal and low protein diet groups in either sex. However, the air righting reflex index in male offspring in the low protein diet group decreased as compared with that in the normal protein diet group, although statistically significant difference was not attained (Table 1) .
Detailed clinical observations
There were no statistically significant differences in any items between the normal and low protein diet groups in either sex (Table 2) .
Manipulative test
There were no statistically significant differences in any items between the normal and low protein diet groups in either sex (Table 3) .
Grip strength
In male offspring, grip strength of the fore and hind limbs in the low protein diet group was significantly lower than that in the normal protein diet group. In female offspring, there were no statistically significant differences between the normal and low protein diet groups (Table 4) .
Motor activity
In male offspring, there were no statistically significant differences between the normal and low protein diet groups. In female offspring, statistically significant high values were recorded in the motor activities at 0-10 and 30-40 min and the 0-60 min total motor activities in the low protein diet group (Table 5) .
Water-filled multiple T-maze test
There were no statistically significant differences in any trials between the normal and low protein diet groups in either sex (Table 6) .
DISCUSSION
We previously reported that maternal protein restriction resulted in systemic growth retardation in offspring from birth to PND 77 (Ohishi et al., 2010) . Throughout the lactation period and also after weaning, body weights of the offspring of both sexes were significantly lower in the low protein diet group than in the normal protein diet group (Supplementary Table 1 ). Maternal food restriction was reported to cause decreases in surface righting reflex, negative geotaxis reflex and cliff avoidance reflex indices (Zhang et al., 2010) . In the present study, sensory and reflex functional examinations showed a tendency to suppress the air righting reflex index on PND 15 in male offspring in the low protein diet group. However, we found no obvious abnormalities in other reflex parameters of sensory and reflex function in males. Females were unaffected with these parameters. Furthermore, manipulative test including air righting reflex on PND 72 revealed no changes. Considering the severe growth suppression by maternal protein restriction (Ohishi et al., 2010) , showing approximately 30% suppression in the body weight on PND 14 in males as compared with normal protein diet group, delayed growth may be responsible for this non significant fluctuation.
In the present study, grip strength was examined on PND 72 and revealed a decrease in male offspring in the low protein diet group. On the other hand, detailed clinical observation such as ease of removal from cage, manipulative test such as landing foot splay, motor activity and water-filled multiple T-maze test revealed no disturbance of motor function or paralysis. Considering that the body weight on PND 70 in male offspring in this group was 16% lower than that of the normal protein diet group (Ohishi et al., 2010) , lowered grip strength was considered to be due to the difference of body growth including gripping ability between the normal and low protein diet groups.
With regard to the motor activity, high values in the low protein diet group were observed in female offspring. Increase in exploratory activity has been reported in rat offspring after maternal protein restriction during lactation period (Franková and Barnes, 1968) . Pre-and/or postnatal protein restriction in rats increased open arm entries, time and distance in elevated plus maze test, suggesting decreased avoidance (less anxiety) and increased exploration (Reyes-Castro et al., 2011) . In another study using the similar elevated plus maze test, growth restriction through the maternal deficiency of methyl donors, i.e., choline, folate and methionine, showed an increase in anxiety-related behaviors in rats (Konycheva et al., 2011) . In mice, maternal protein restriction resulted in persistent alterations in dopamine circuitry and increases in dopamine-dependent behaviors (Vucetic et al., 2010) . In human, small body size at birth might increase the susceptibility to behavioral symptoms of ADHD (Lahti et al., 2006) . Therefore, hyperactivity in female rat offspring in the present study may be related to malnutrition due to maternal protein restriction. Motor activity is regulated by synaptic circuitry of multiple brain areas. Brain imaging of ADHD cases suggested decreases in total brain size and the volume of the multiple brain substructures (Giedd et al., 2001) . However, we did not find the change in the absolute brain weight on PND 77 in our present cases (Ohishi et al., 2010) , suggesting the effect of female hyperactivity was functional one that do not alter the brain substructures. Although we did not find the effects on the motor activity in male offspring, there are many experimental examples that show gender difference in the response of locomotor activity with high reactivity in females (Becker et al., 1982; Lukas and Wetherington, 2005; Mandt et al., 2009) . With regard to the water-filled multiple T-maze test, there were no effects of maternal protein restriction. In contrast to our results, impaired learning and memory behavior was observed in a study using Morris water maze by maternal protein restriction using 6% protein diet (Wang and Xu, 2007) . In the present study, we used 10% casein diet for maternal protein restriction. In addition, maze test was conducted between postnatal week 4 and 5 in the study by Wang and Xu, while it was postnatal week 7and 8 (from PND 55 to 58) in our case. These differences might be responsible for the difference in the result between the two studies. We, using the identi- cal study samples, previously reported no effect of maternal protein restriction on the distribution of reelin-synthesizing GABAergic interneurons in the dentate hilus and postnatal neurogenesis in the SGZ through PND 77 by immunohistochemical analysis (Ohishi et al., 2010) , suggesting no functional affection of the hippocampal dentate gyrus. The hippocampus is known to play important roles in memory, learning and spatial navigation. There- 14.5 ± 3.8 14.6 ± 1.6 16.5 ± 3.2 15.4 ± 4.2 Counts of error 0.5 ± 0.5 0.3 ± 0.3 0.3 ± 0.4 0.3 ± 0.4 No significant differences between the normal and low protein groups. a Two male and two female offspring per dam were subjected to examination. b Mean ± S.D. The values were obtained using the litter mean. c Casein level.
fore, our immunohistopathological results on hippocampal neurogenesis support the absence of any abnormalities in the water-filled multiple T-maze test in the present study.
In summary, maternal protein restriction caused lowering trend in the air righting reflex index during lactation period and a decrease in grip strength. However, they were unlikely to be the reflection of impaired sensory and reflex function, disturbance of motor function or paralysis. Delayed growth may rather be responsible for these fluctuations. While learning and memory function was unaffected, maternal protein restriction may cause adolescent hyperactivity because motor activity increased in female offspring in the low protein diet group.
